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Infection with human immunodeficiency virus or simian immunodeficiency virus (SIV) induces virus-specific
CD8™ T cells that traffic to lymphoid and nonlymphoid tissues. In this study, we used Gag-specific tetramer
staining to investigate the frequency of CD8* T cells in peripheral blood and the central nervous system of
Mamu-A*01-positive SIV-infected rhesus macaques. Most of these infected macaques were vaccinated prior to
SIVmac251 exposure. The frequency of Gag,g, ;50 CM9 tetramer-positive cells was consistently higher in the
cerebrospinal fluid and the brain than in the blood of all animals studied and did not correlate with either
plasma viremia or CD4"-T-cell level. Little or no infection in the brain was documented for most animals by
nucleic acid sequence-based amplification or in situ hybridization. These data suggest that this Gag-specific
response may contribute to the containment of viral replication in this locale.

The central nervous system (CNS) is a target for many mi-
crobial and viral infections, including simian immunodeficiency
virus (SIV) and human immunodeficiency virus (HIV) (2, 9,
25, 37, 47). CNS infection occurs during primary SIV infection
(7), and the degree of CNS pathology varies among animals (6,
17, 26, 39, 48). For chronically infected macaques, a significant
decrease in viral RNA is observed in the CNS, even though
viral DNA persists (8).

Although many studies have investigated the presence of
HIV or SIV in the CNS, less knowledge about virus-specific
immune responses in this locale exists (38). CD8" T cells,
including virus-specific cytotoxic T lymphocytes (CTLs), are
important for the containment of systemic viral replication (21,
32, 40) and may also play a role in containing viral replication
in the CNS. In HIV type 1 (HIV-1) infection, a large number
of virus-specific CTLs in the cerebral spinal fluid (CSF) of
patients with AIDS dementia complex has been reported (20).
In some of these individuals, these CTLs were present at
higher frequencies in the CSF than in peripheral blood, lead-
ing to the hypothesis that a high frequency of antigen-specific
cells in the brain contributes to the development of neurolog-
ical disorders. Similar mechanisms have been hypothesized for
human T-cell leukemia and lymphoma virus type 1 infection (1,
19, 34).

Since SIVmac251 infection of macaques is a widely used
model to assess preventive (R. C. Desrosiers, Letter, Science
275:13, 1997) as well as therapeutic (10) intervention for hu-
man AIDS, it is important to assess the frequencies of SIV-
specific CTLs in the CNS of SIVmac251-infected macaques.
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Eleven Mamu-A*01-positive and two Mamu-A*0l-negative
macaques, chronically infected with the same strain of SIV-
mac251 (Table 1) for 55 to 237 weeks and with CD4"-T-cell
counts of 59 to 1,853, were euthanized. Viral replication in
nine of 11 Mamu-A*01-positive animals was below the detec-
tion limit of 2,000 copies per 100 wl of input plasma (<20,000
copies/ml), and normal levels of CD4™" T cells were maintained
by five of those nine animals following exposure to SIVmac251
(4, 13, 14, 36, 43). All of these animals were vaccinated with
poxvirus-based SIV vaccines either before or after SIVmac251
infection, except for macaque 3077, who received a nonrecom-
binant vaccine (43).

TABLE 1. Histories, CD4" T cell levels, and plasma viral RNA
levels of macaques at time of euthanasia“

SIVmac251 Duration

Macaque”  inoculation  of infection Clll)4+ T; Vlrall R%\IA] copies/
route’ wk) cells/mm ml of plasma
460 ir. 127 644 56,290
685 iv. 108 131 <20,000
22M ir. 68 1,140 <20,000
674 ir. 71 1,853 <20,000
273 iv. 237 59 <20,000
3076 iv. 137 278 <20,000
3075 iv. 145 332 <20,000
3057 iv. 55 1,115 <20,000
3077 iv. 135 371 190,460
679 ir. 71 1,205 <20,000
26M ir. 71 1,081 <20,000
23M ir. 71 390 2,310,080
480 iv. 235 159 2,086,280

“ The macaques were previously immunized with ALVAC-SIV (macaque 460)
(36), NYVAC-SIV (macaques 480, 674, 685, 273, 3076, 3075, and 3057) (4, 13,
43), or DNA plus NYVAC-SIV (22M, 23M, 26M, and 679) (4, 13, 43).

b Boldface numbers indicate Mamu-A *01-positive macaques.

€1ir., intrarectal. i.v., intravenous.
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FIG. 1. Frequency of tetramer-positive CD8" T cells in blood, brain, and CSF of Mamu-A*01-positive and -negative macaques chronically infected
with STVmac251. The typical yield of T cells in CSF and brain ranged from 2,522 to 20,425 and 3,257 to 10,017, respectively. Lymphocytes from blood,
CSF, and brain were stained with anti-CD3, anti-CDS8, and Gag,g, ;50 CM9 tetramers. (A) Representative examples of a dot blot demonstrating the
Gag,g1.150 CM9-positive CD3 " CD8™"-T-cell population in the blood and CSF of macaques 685 and 22M. (B) Graphic representation of the percentages
of tetramer-positive cells within the CD3* CD8* population of 9 of the 11 Mamu-A*01-positive macaques summarized in the histograms. %, CSF was
not available, and the data represent the frequency of this population in the brain. (C) Lymphocytes isolated from the brains of macaques 3075 and 3076
were stained with anti-CD3, anti-CD8, and Gag, 4,_;50 CM9 tetramers. The numbers represent the percentages of tetramer-positive cells within the CD3™"
CD8" population. (D) Gag,g;_150 CM9 tetramer staining of the CSF and cerebra of the Mamu-A*01-negative macaques 23M and 480.
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CSF cells were collected by centrifugation at 200 X g for 7
min and, after removal of supernatant, were resuspended in
Hanks balanced salt solution. Brain lymphocytes were col-
lected as previously described (27). Ex vivo peripheral blood
mononuclear cells (PBMCs), CSF, and brain lymphocytes were
stained with anti-CD3 (fluorescein isothiocyanate; BD Pharm-
ingen, San Diego, Calif.), anti-CD8 (PerCP; BD Immunocy-
tometry Systems, San Jose, Calif.) monoclonal antibodies
(monoclonal Abs), and Gag,g;.;50 CM9 tetramer (phyco-
erythrin or allophycocyanin (APC) conjugated). In the case of
PBMCs, approximately 10* CD3™ CD8™ T cells were analyzed.
The number of CD3* CD8™ cells obtained from CSF ranged
from 1,244 to 15,383. In the case of macaques 273, 3075, 23M,
480, and 3077, CD3" CD8™" T lymphocytes were also isolated
from the brain.

PBMC:s and cells from CSF and the brain were stained with
the Gag,g;.150 CM9 tetramer, and the number of tetramer-
positive T cells within the CD3* CD8™ population was quan-
titated by flow cytometry. The frequencies of Gag,g,.;50 CM9
tetramer-positive cells were much higher in CSF than in the
blood of the STVmac251-infected macaques, as demonstrated
for two of them in Fig. 1A; this enrichment was observed in the
CSF of all macaques studied, regardless of the plasma viremia
or the level of CD4" T cells (Fig. 1B). The average frequency
of tetramer-positive CD3" CD8" lymphocytes in CSF was
21.68% (range, 5.22 to 47.83%) in comparison to 5.61%
(range, 0.88 to 19.52%) in peripheral blood. In three of these
macaques, 685, 22M, and 674, Gag,g;.;50 CM9-specific CD8"
T cells represented one-third of the entire CD3" CD8"-T-
lymphocyte population, and in these three animals, the relative
percentage of CD4" T cells in CSF was much less than that in
peripheral blood, suggesting an enrichment of total CD8" T
cells in CSF (Fig. 1B and data not shown).

In macaques 3075, 3077, and 273, small numbers of lympho-
cytes were also isolated from brain tissue. The frequency of
tetramer-positive CD8" T cells was assessed in the CD3™
CD8" population of two of the macaques, 3075 and 3077. The
frequency of Gag-specific CD8" T cells was again higher in the
brain tissue than in the blood of both macaques (Fig. 1C). In
the case of animal 3075, the levels of T cells in both CSF and
the brain were sufficient enough to compare the relative fre-
quencies of tetramer-positive T cells. Comparable frequencies
of Gag,g;.130 CM9-positive T cells in the brain and CSF (14 to
15%) were demonstrated, and, as expected, the frequencies
were approximately threefold higher than that in blood (Fig.
1C). The tetramer-staining CD3* CD8™"-T-cell population was
specific, as demonstrated by the lack of detection of tetramer-
positive cells in the CSF and brains of the two Mamu-A*01-
negative macaques chronically infected with SIVmac251, ma-
caques 23M and 480, included in the study (Fig. 1D).

To assess the functionality of Gag-specific CD8* T cells,
their ability to produce tumor necrosis factor alpha (TNF-a)
and gamma interferon (IFN-v) following antigen-specific stim-
ulation was measured by intracellular cytokine staining of lym-
phocytes obtained from the CSF of macaques 26M and 679
and the brains of macaques 273 and 3077. Lymphocytes iso-
lated from the CSF or brain were stimulated with the Gagg,_
189 CM9 peptide for 6 h (5 h in the presence of brefeldin A) at
37°C and stained with either anti-CD3 fluorescein isothiocya-
nate (BD Pharmingen), anti-CD8 PerCP (BD Pharmingen), or
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anti-CD8p phycoerythrin (Beckman Coulter, Miami, Fla.) and
either a mixture of APC-conjugated anti-TNF-a and anti-
IFN-y Abs (BD Pharmingen) or each Ab alone. In the CSF of
the Mamu-A*01-positive macaques 26M and 679, a sizeable
CD3" CDS8*-T-cell population produced TNF-a as well as
IFN-y following stimulation with the Gag,g, 50 CM9 peptide
(Fig. 2A and B). Similarly, a sizeable portion of CD8*-T-cell-
producing cytokines was found in the brain of macaque 273
following Gag,g;150 CM9 peptide stimulation (Fig. 2C). In the
case of macaque 3077, the number of events observed was too
low for analysis (data not shown).

The high frequencies of antigen-specific cells in CSF and the
brain suggested ongoing viral replication in the CNS and brain.
To address this, we isolated cellular RNA from brain tissue
from macaques 460, 674, 3075, 3076, 3077, and 273 and per-
formed SIV RNA amplification by nucleic acid sequence-
based amplification. Our assay detected no viral RNA in the
brain tissue (assay sensitivity, 500 copies of RNA/input) (data
not shown).

To confirm this finding by an independent assay, brain tissue
sections from macaques 3075, 3076, 3077, and 273 were ana-
lyzed for the expression of viral RNA by in situ hybridization.
Formalin-fixed, paraffin-embedded tissues were stained for
SIV viral RNA by a previously described method (15). Briefly,
the sections were deparaffinized and rehydrated in water, pre-
treated with 0.2 N HCI and proteinase K, and hybridized over-
night at 50°C with either a sense or an antisense SIVmac239
digoxigenin-UTP-labeled riboprobe. All probes were used at a
final concentration of 1.75 ng/pl, and the hybridized sections
were washed in standard posthybridization buffers and RNase
solutions (RNase A, R6513 [Sigma-Aldrich, St. Louis, Mo.];
RNase T1, 109-193 [Roche Molecular Biochemicals, Indianap-
olis, Ind.]). The hybridized sections were blocked with 3%
normal sheep and 3% horse serum in 0.1 M Tris (pH 7.4) and
then incubated with the primary Ab, sheep anti-digoxigenin-
alkaline phosphatase (1:500; Roche Molecular Biochemicals),
in serum-blocking buffer for 1 h. The sections were rinsed with
Tris buffer and reacted with NBT-BCIP (Nitro Blue Tetrazo-
lium-5-bromo-4-chloro-3-indolylphosphate; Vector Laborato-
ries, Ltd., Peterborough, England) for 10 h. The samples were
rinsed with distilled water, counterstained with 0.1% nuclear
fast red (Sigma-Aldrich), washed, dehydrated, and cover-
slipped with Permount (Fisher Scientific, Pittsburgh, Pa.).
Stained sections were viewed with a Zeiss Axiophot micro-
scope and photographed with a CoolSNAP digital camera.

Rare virus-expressing cells were observed in brain tissue
sections from macaque 273 but not in sections from the other
macaques studied (Fig. 3 and data not shown), providing sup-
port to the results obtained by the use of nucleic acid se-
quence-based amplification to quantitate SIV RNA in the
brain. Collectively, these data suggest that the high frequencies
of functional antigen-specific CD8" T cells may contribute to
CNS viral replication containment.

In this report we demonstrate that in the CNS of chronically
SIVmac251-infected animals, the frequency of CD8" T cells
directed against the dominant SIVmac251 Gagg;.150 CM9
epitope is consistently higher than the frequency of CD8* T
cells in blood. The levels of tetramer-binding cells with this
Gag specificity in peripheral blood, spleen, lymph nodes, bone
marrow, liver, and gastrointestinal and urogenital tracts of
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FIG. 2. Functionality of virus-specific CD8" T cells in CSF and
brain. (A and B) For the CSF of animals 26M and 679, 6,224 and 7,726
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FIG. 3. Detection of viral RNA by in situ hybridization in the brain
of macaque 273. An arrow indicates a rare virus-expressing cell.

acutely and chronically STVmac251-infected macaques have
already been extensively analyzed (12, 24, 41, 42, 45). For
Mamu-A*01-positive macaques, Gag;g;.150 CM9 tetramer-
positive CD8" T cells emerge in blood at week 2 to 3 after
exposure to SIVmac251 and are found as early as 4 weeks
postinoculation in secondary and tertiary lymphoid organs (13,
24). The frequency of these CTLs during chronic SIV infection
in different compartments varies among animals (12). How-
ever, for the majority of chronically infected animals, the fre-
quencies of this response are comparable in peripheral blood
and lymph nodes and have often been found to be higher in the
gastrointestinal and urogenital tissues, spleen, bone marrow,
and liver (12, 41). Here we demonstrate that in all the Mamu-
A*01-positive macaques studied, larger numbers of Gag,g;_;g0
CM9-specific CTLs could be found in the CNS than in periph-
eral blood (Fig. 1B).

For HIV-1 or SIV infection, the finding in CSF of large
numbers of HIV-1-specific CTLs that recognize epitopes dif-
ferent from those recognized by blood CTLs (20, 46) suggests
specific local induction or recruitment of antigen-specific cells
in CSF. However, other studies demonstrate that T cells can
infiltrate the CNS independently of their antigenic specificity

CD3" cells were analyzed, respectively. (C) For animal 273, fewer cells
from the cerebrum were analyzed (1,500 CD8B™ T cells).
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(16). Moreover, even naive T cells are capable of crossing the
brain-blood barrier, but in order to survive in the brain envi-
ronment, they need to be activated by encountered antigens
(23). Indeed, as some have reported, brain CD8" T cells are
comprised mostly of cells presenting an activated and effector
phenotype (3, 27, 44). Our data for SIVmac251-infected ma-
caques support the notion that virus-specific CD8™ T cells may
be either induced in, or recruited to, the brain. Whether these
cells play a role in restricting viral replication in this locale
remains to be ascertained.

Antigen-specific CD8" T cells in the CNS have been sug-
gested as the culprit for tissue damage in cases of SIVmac251
infection as well as in cases of human T-cell leukemia or
lymphoma virus type 1-associated myelopathy/tropical spastic
paraparesis (1, 19, 35) and mouse hepatitis virus strain JHM
infection (28). The presence of memory CD8* T cells in the
brain has been correlated with functional and histopathologi-
cal abnormalities (27). Despite a high frequency of virus-spe-
cific CD8" T cells in the CNS, none of the macaques studied
here had overt symptoms of neurological dysfunction at the
time of euthanasia (data not shown). In four out of five ma-
caques with high frequencies of tetramer-binding CD8" T
cells, the cerebral tissues were essentially normal, and in one
macaque (3077), a slight increase in perivascular lymphocyte
infiltration was found (data not shown). It is possible that these
cells are not fully functional in vivo, thereby explaining the lack
of tissue damage.

A high frequency of virus-specific CD8" T cells in the CNS
has also been reported for mouse models of acute and chronic
infection with influenza virus, JHM, and dengue virus (5, 11,
31, 44). Interestingly, as with SIVmac251 infection, CTLs did
not decline in the CNS (unlike systemic CTLs) during the
chronic phase of infection even after local viral clearance,
suggesting that CTLs remain because of ongoing viral replica-
tion, although at times below detectable limits (11, 29). Alter-
natively, specific CTLs may be selectively recruited to the CNS
(22). Other studies have demonstrated that at first, infiltration
of the CNS with T cells may be nonspecific (33) but that local
expansion of selective T-cell clones may occur as a result of
antigen-driven proliferation (18, 30, 33).

Regardless of the underlying mechanism, the data reported
here demonstrate that in animals that contain systemic viral
replication, restriction of viral replication can also be found in
the CNS. Most of the macaques studied here were vaccinated
before or after SIVmac251 infection, and several of them were
able to contain the viremia for a long time before experiencing
a progressive decrease in the number of CD4* T cells. It is
unclear, however, whether vaccination contributed not only to
the reduction of plasma viremia but also to the containment of
viral replication in the CNS. Studies designed to directly ad-
dress this issue are warranted, since currently available vac-
cines do not appear to inhibit viral infection but contribute
only to the containment of viral replication.

We thank J. D. Altman for the Gag,g;.,50 CM9 tetramer and Steven
Snodgrass for editorial assistance.
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